Zn 3 V 2 O 8 phosphors were synthesized by heat treatment of precursor powders obtained by evaporation of aqueous solutions of peroxo-isopolyvanadic acid and zinc acetate. A precursor solution with a Zn/V molar ratio of 3:1 and a heat-treatment temperature of 600°C gave a powder containing a mixture of Zn 3 V 2 O 8 and ZnO. The ZnO was removed by treatment with HCl, resulting in a single-phase Zn 3 V 2 O 8 powder; it showed yellow phosphorescence with a peak at 560 nm at an excitation wavelength of 350 nm.
Introduction
White-light-emitting devices based on yttriumaluminum garnet (YAG):Ce and blue-light-emitting diodes (LEDs), 1) which are commercially available, have high quantum efficiencies, durabilities, and are mercury free. AlGaN-based ultraviolet (UV) LEDs (346 nm) based on blue and yellow phosphors are also used to fabricate white-light LEDs. Currently, much research is being performed on other yellow-emitting materials with efficient absorption at the pump LED UV wavelength of AlGaN devices. Zn 3 V 2 O 8 is a candidate, for the following reasons. The Zn 3 V 2 O 8 lattice is assembled from layers of Zn octahedra connected by vanadate groups, 2) and the broadband emission spectra of Zn 3 
Experimental procedure
Vanadium powder (0.3 g, Wako, Osaka, Japan) was mixed with a 30% H 2 O 2 aqueous solution (30 mL), with cooling using an ice bath. The resulting orange solution was dried using a rotary evaporator in a 40°C water bath to obtain V-IPA powder.
V-IPA powder was dissolved in ion-exchanged water at a 0.01 M vanadium concentration. Zinc acetate powder (Wako, Osaka, Japan) was mixed with this solution at various Zn/V molar ratios (Zn:V = 1.5:13:1). The resulting solutions were dried using a rotary evaporator in a 40°C water bath; the evaporator back pressure was less than 1 kPa. The resulting powders were heat treated at 500800°C for 20 h in air. The residual ZnO powder in the heat-treated sample was removed by washing with 0.01 N hydrochloric acid.
The crystal structures of the resulting powders were determined using X-ray diffraction (XRD; Rigaku Miniflex) with Cu K¡ radiation (30 kV, 15 mA). The microstructures of the powders were observed using scanning electron microscopy (SEM; JEOL JSM-6510). The PL properties of the powders were evaluated at room temperature using a conventional fluorescence spectrophotometer (Shimadzu RF 5300PC) with a Xe lamp.
Results and discussion
The dried precursor powder with a Zn/V ratio of 2:1 was heat treated at 500800°C, and the resulting powders were characterized using XRD; the XRD patterns are shown in Fig. 1 Powders were also synthesized from precursor solutions with Zn/V ratios of 1.5:13:1; the resulting powders were heat treated at 600°C. Figure 2 shows the XRD patterns of these powders. An increase in the Zn/V ratio in the precursor solution resulted in an increase in the amount of the Zn 3 V 2 O 8 phase and a decrease in the amount of the Zn 2 V 2 O 7 phase. The sample synthesized from a solution with a Zn/V ratio of 3:1 contained Zn 3 V 2 O 8 and ZnO phases, but no Zn 2 V 2 O 7 phase was observed. It is known that ZnO is soluble in acids.
9) The powder with a Zn/V ratio of 3:1 was therefore treated with 0.01 N hydrochloric acid to remove the ZnO phase. Figures 3 and 4 show the XRD patterns and SEM images, respectively, of the samples before and after acid treatment. The XRD patterns show that the acid-treated sample did not contain the ZnO phase; only the Zn 3 V 2 O 8 phase was observed. These results show that the ZnO phase was removed by acid treatment. The SEM images show the presence of spherical particles of sizes less than 0.5¯m and between 1 and 3¯m in the sample before acid treatment. After acid treatment, only spherical particles of sizes between 1 and 3¯m were observed. The sample surface after acid treatment showed slight dissolution compared with that of the sample surface before acid treatment, but the grain shape did not change much. These results show that the ZnO phase was removed from the mixture of Zn 3 V 2 O 8 and ZnO phases. Figure 5 shows the PL spectra of the powder synthesized from a precursor solution with a Zn/V ratio of 3:1, followed by heat treatment at 600°C, before and after acid treatment. Excitation at 350 nm produced yellow luminescence, with a broad peak at 560 nm, in both cases. The PL intensity after acid treatment was 1.7 times larger than that before acid treatment, because the ZnO phase was removed from mixture of Zn 3 V 2 O 8 and ZnO phases.
Li et al. synthesized Zn 3 V 2 O 8 phosphors via a solid-state reaction; the resulting phosphor showed yellow phosphorescence, with a peak at 585 nm.
5) The peak position of the Zn 3 V 2 O 8 phosphor in the current investigation was 560 nm, i.e., a blue shift of the peak position was observed. Pitale et al. synthesized a Zn 3 V 2 O 8 phosphor using a hydrothermal method; the peak position of the phosphor was 565 nm, 6) which is close to that obtained in the current investigation. The PL peak positions observed in the study by Pitale et al. and in our current investigations are close to that of the Em1 emission of Zn 3 V 2 O 8 ;
3) in each case, the Zn 3 V 2 O 8 powders were synthesized using a soft chemical process. It is concluded that the peak from the Em1 emission is the predominant PL peak of Zn 3 V 2 O 8 phosphors synthesized using soft chemical processes. The phosphorescence color of Zn 3 V 2 O 8 therefore varies depending on the synthetic method.
Conclusion
In this investigation, Zn 3 V 2 O 8 phosphors were synthesized by evaporation of an aqueous solution of V-IPA and zinc acetate, and subsequent heat treatment at 600°C. Heat treatment at higher temperatures resulted in an increase in the amount of Zn 2 V 2 O 7 phase in the sample. The amount of Zn 2 V 2 O 7 phase in the resulting sample decreased with increasing Zn/V ratio. The powder obtained from a precursor solution with a Zn/V ratio of 3:1 contained only Zn 3 V 2 O 8 and ZnO phases. The ZnO phase was removed by treatment with a weak acid. The resulting Zn 3 V 2 O 8 powder produced yellow luminescence under excitation at 350 nm (UV), with a peak at 560 nm. The phosphorescence peak of Zn 3 V 2 O 8 was found to vary depending on the method used to synthesize the phosphor.
